Introduction
Chronic osteomyelitis is a debilitating condition which may require prolonged periods of multidisciplinary treatment to effect cure or control symptoms. In the presence of dead bone, infection cannot be successfully eradicated with antibiotics alone due to causative organisms' ability to establish a biofilm. In this glycocalyx matrix, bacteria with altered phenotype become tolerant of antimicrobials and relatively resistant to attack by the host immune system (1) .
Chronic osteomyelitis of the pelvic bones is uncommon in adults but it is a very debilitating condition. Treatment of osteomyelitis affecting the pelvic bones is challenging due to the anatomic constraints of the pelvis and the high degree of comorbidity in affected patients. Several distinct
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Pressure ulceration overlying the sacrum, ilium and ischium may develop osteomyelitis in the underlying bone. Spinal injury is a risk factor for pressure ulcers, with up to a third of patients affected (3, 4) . These patients typically have multiple comorbidities which complicate surgical recovery (3) (4) (5) .
Contiguous focus infection can also arise from intra-abdominal or pelvic sources. Osteomyelitis may occur secondary to inflammatory bowel disease (6) . Instrumentation of the abdominal cavity (including urethral or suprapubic catheterisation) (7), gynaecological, colorectal or urological surgery (8) (9) (10) may be complicated by osteomyelitis. Uro-gynaecological reconstructive surgery with bone anchors has an osteomyelitis risk in the order of 0.1-2% (11, 12) . Osteomyelitis may develop in areas of osteoradionecrosis following pelvic radiotherapy (13) (14) (15) .
Open fracture or instrumentation of the pelvic bones may introduce infection (16, 17) . Osteomyelitis may also arise from contiguous spread of septic arthritis of the native hip or sacroiliac joints, pubic symphysis, or arthroplasty infection.
Although pubic symphysis infection may occur through contiguous focus infection following abdominal surgery, it may also occur in healthy adults such as in athletes and post-partum women (12, 18) . Pubic bone infection may therefore be misdiagnosed as osteitis pubis, a non-infectious condition, that tends to affect a similar demographic of young, relatively healthy individuals. Diagnosis is often delayed because osteomyelitis is not initially considered as a potential differential in those with pelvic pain and no obvious external sinus or fistula.
In adults, haematogenous osteomyelitis is unusual, and often associated with comorbid illness. It rarely affects the pelvic bones (2, 19) .
In the absence of extensive osteomyelitis many patients who develop decubitus ulcers may potentially respond well to non-surgical therapy (20) (21) (22) (23) (24) . Debridement and soft tissue flap reconstruction in selected patients, with careful attention to pre-operative optimisation and post-operative rehabilitation, can be effective and aid long-term resolution of decubitus ulcers (25) . However, post-operative morbidity and ulcer recurrence is particularly high in patients with underlying osteomyelitis (26) . Once there is extension to the underlying bone, with more than just cortical involvement, it is unlikely that cure will be achieved without surgery (see figure 1) .
The aims of the surgical approach to pelvic osteomyelitis are to achieve resection of all necrotic and infected tissue, to obtain clean deep tissue samples for microbiological diagnosis, to eliminate dead space and to provide well-perfused tissue cover of the pelvic bones. Avoidance of faecal and urinary soiling of the wound is critical. Reconstruction must provide a residual pelvic structure that enables comfortable sitting with good pressure distribution. The extent and location of osteomyelitis, the condition of local soft tissues and the patient's overall health, dictate the surgical approach. In patients with a small focus of disease, limited bone debridement and direct soft tissue closure may suffice. Conversely in patients with extensive disease affecting multiple pelvic bones, with overlying decubitus ulcers that are resistant to treatment, or in those where ulceration is complicated by squamous cell carcinoma, hemipelvectomy or hemicorporectomy may be required (see figure 2) . The pelvic girdle and lower limbs provide a good source of tissue grafts in these cases (5, (27) (28) (29) (30) . The 30-day mortality in patients undergoing hemicorporectomy is up to 20%, but survival for more than 20 years post-operatively has been reported (29) .
Broad-spectrum empirical antibiotic treatment is often used due to the range of infecting organisms found, and frequent polymicrobial infection (27, 28) . Treatment is then tailored to the organisms isolated from tissue samples. Following surgical debridement, the ideal duration of antibiotic therapy is not clear; long-term resolution may be achieved, after surgery, with short courses (25) . Figure 2 . A. This patient had Crohn's Disease with multiple fistulae extending from the bowel to the pelvis and right hip joint. The right sacro-iliac joint was exposed. B. The pelvic osteomyelitis was treated by radical excision including the right hemipelvis, the right hip and lower limb. The anterior thigh muscles were preserved on the healthy femoral vessels. C. The defect was directly closed using the thigh musculocutaneous flap.
We describe the treatment and outcome of 61 consecutive adult patients who underwent surgical management of their pelvic osteomyelitis. To our knowledge this is the largest reported case series undergoing surgical management for confirmed chronic osteomyelitis.
Materials and Methods
Our study gained Institutional Governance Review Board approval from the Orthopaedic Governance Board at Nuffield Orthopaedic Centre. All patients who presented for surgical treatment of osteomyelitis affecting the bones of the pelvic ring between 2002 and 2014 were included. Each patient was assessed by a multidisciplinary team comprising an orthopaedic surgeon, a plastic surgeon and an infectious disease physician in a specialist unit. This assessment was supported by the input of specialist nurses, physiotherapists, occupational therapists and musculoskeletal radiologists.
A key aspect of care was the optimisation of patients before surgery. This treatment was focused on reducing comorbidities, improving nutrition, encouraging smoking cessation and drug rehabilitation, as well as optimization of the patient's psychological state. In some cases, surgery was delayed for several months to allow these issues to be addressed.
Inclusion criteria
All patients were judged to have chronic osteomyelitis, defined as having symptoms for a minimum of six months as well as clinical and radiological features accompanied by at least one of the following: positive intraoperative microbiological culture, a histology supportive of chronic osteomyelitis or the presence of a sinus, abscess or intra-operative purulence at the time of surgery.
Patients were defined as having positive cultures if two or more samples yielded the same species of organism, indistinguishable by routine laboratory identification and antimicrobial sensitivity pattern. Patients were described as having mixed microbial infection if they had positive cultures (as above) for two or more species of organism.
Data collection
Information regarding pre-operative health, peri-operative care and outpatient follow-up was obtained from notes and electronic patient records; comorbidities were recorded from hospital admission and discharge documentation. Staging of chronic osteomyelitis was classified from radiological imaging according to the Cierny-Mader staging system (31) and confirmed intra-operatively.
Microbiological and histological data was obtained from the laboratory electronic database.
Patient clinical outcomes were determined by two independent reviewers, who were not involved in the treatment of patients.
Surgical management
All surgery was performed in a single stage procedure. To maximise the accuracy of causative organism identification through intra-operative sampling, all antibiotics were stopped pre operatively for a minimum of two weeks. Multiple intraoperative sterile site samples were taken for microbiological analysis (usually five) and at least one sample for histological analysis, usually including bone and periosteum. These were collected using a previously described protocol (32) . Samples were not routinely cultured for mycobacteria unless clinically indicated. After sampling, broad spectrum intravenous antibiotics were given and continued until the specimen results were obtained.
A radical excision of all involved bone and soft tissue was performed back to healthy bleeding surfaces. Any bony prominences were removed to prevent later skin compromise. The area was washed with 0.05% Aqueous Chlorhexidine and the defect primarily closed, either directly or with local muscle or myocutaneous flaps.
After surgery, great care was taken to avoid pressure over the areas of surgical resection and reconstruction. Patients were nursed off the affected area for up to six weeks. Adequate pressure relieving surfaces for sitting and lying were provided, and education about position changes was undertaken, especially in patients with paraparesis (26) . Multi-disciplinary care was vital in achieving wound healing without complications for these patients.
Outcome measures
Treatment failure was defined as: (a) recurrent infection with positive cultures from further radiologically guided aspiration or biopsy at the original site of infection, (b) further surgery performed at the same site for infection, (c) the use of long-term suppressive antibiotics for uncontrolled infection, or (d) recurrence of sinus formation. Secondary outcomes included the rate of wound complications in the post-operative period and the incidence of further pressure ulceration.
Statistics
Data were collected using an Excel spreadsheet (Microsoft, Redmond, Washington) and analysed using SPSS v20 (SPSS Inc. Chicago, Illinois). All data were considered to be non-parametric. Associations between categorical variables were made using Fisher's exact test on account of low cell frequencies. A p-value of < 0.05 was considered statistically significant.
Results

Case mix
61 patients with chronic osteomyelitis of the ilium, ischium, pubis or sacrum, were managed operatively between April 2002 and 2014.
32 men and 29 women were treated, with a mean age of 50.2 years (range 16.8-80.6 years).
41/61 cases in this series (67.2%) had osteomyelitis associated with pressure ulcers. 39 of these were affected by central nervous system injury or pathology causing paraparesis or tetraparesis as follows: 17 patients had traumatic spinal injury; 10 patients had spina bifida; seven patients had multiple sclerosis; three had undergone previous spinal tumour excision and two had other neurologic pathologies. Of the other two remaining cases with pressure ulcers, both developed these following a period of immobility caused by ill health; the first following surgery and radiotherapy for anal carcinoma and the second following recovery from a chest infection.
8/61 cases had osteomyelitis associated with or contiguous to intra-abdominal or pelvic organ infection; three patients had a psoas abscess, one had Crohn's disease, one had infection following cholecystectomy, and three had surgery and radiotherapy for cancer (one cervical cancer and two prostatic cancer; both had radical prostatectomy and pelvic radiotherapy, with one suffering radiation necrosis of the bowel).
6/61 patients had infection associated with previous bone or joint surgery as follows; three patients had iliac crest bone graft donor site infection (see figure 3) , two had pelvic infections following total hip replacement, and one had an infection after pelvic osteotomy for Perthes' disease.
3/61 cases developed infection following a pelvic fracture; two patients had associated visceral injuries that caused fracture infection and the other developed a psoas abscess associated with the fracture.
3/61 patients had evidence of haematogenous infection. One patient with myelodysplasia had a previous abdominal aortic aneurysm repair complicated by bacteraemia and haematogenous infection of the ilium, another suffered sepsis following a hallux valgus correction and the third developed sepsis associated with an undiagnosed skin condition thought to be Hidradenitis Suppurativa. Many patients had systemic disease and other factors predisposing to poor recovery. The median number of comorbidities was 2.4 per patient (range 0-6). The distribution of comorbidities is shown in Table 1 .
Surgical management
According to the Cierny-Mader classification; 19 patients had stage II osteomyelitis, 35 patients had stage III osteomyelitis, and seven patients had stage IV osteomyelitis.
The most common site of osteomyelitis was the ischium in 32 (52.5%) of the cases. A breakdown of the locations within the pelvic bones of the osteomyelitis resected at operation is described in Table 2 .
Thirty patients had soft tissue reconstruction with local muscle or myocutaneous flaps; in 15/30 we used gluteal muscle flaps, in 11/30 we used the hamstring muscles, in 2/30 we used quadriceps and in 2/30 the gracilis muscle.
Local antibiotic carriers were used in 16 cases; 10/16 had biodegradeable antibiotic carriers and 6/16 had gentamicin containing polymethylmethacrylate beads.
Microbiology results
The distribution of cultured organisms is shown in Table 3 . Twenty-one patients had a single organism isolated and eight patients had no significant microbiological isolates, but had either positive histology or intraoperative pus. Thirty-two patients (52.5%) had mixed cultures with an average of 3.1 different organisms isolated in each case. The breakdown of these polymicrobial infections can be seen in Table 4 . The mean total duration of post-operative antimicrobial therapy given in those that survived the first 90 days following surgery was 8.8 weeks (range 2-26 weeks).
Of the 53 cases with positive microbiology cultures, six (11.3%) had MRSA monomicrobial or polymicrobial infection. A further six (11.3%) had monomicrobial or polymicrobial infection involving Gram negative organisms with extended-spectrum beta-lactamases (ESBL) or an AmpC beta-lactamase. There were no patients who had vancomycin-resistant Enterococci.
Follow-up
There were 12 deaths occurring at a mean of 2.8 years following surgery (range 7 days-7.4 years). Excluding these deaths the mean follow up was 4.6 years (range 1.5-12.2 years). There were no intraoperative deaths. One patient died within seven days of initial operation, from a cerebrovascular event. There were no other post-operative deaths within the first 90 days. In two of the patients who died, squamous cell carcinoma associated with long standing sinus tracts was discovered on intraoperative histology (see Figure 4) . The other deaths were not related to the osteomyelitis, the surgery or the antimicrobial therapy.
Infection recurrence
There were seven cases with recurrence occurring at a mean of 1.5 years post index procedure (range 92 days to 5.3 years). Table 5 shows a breakdown of these cases. 6/7 patients required a further osteomyelitis excision procedure for their infection recurrence and one individual required long-term suppression with antibiotics. There was no association between the use of a flap for reconstruction and patient outcome (p=0.25).
5/7 patients who had recurrence were affected by decubitus ulcers. However, having sensory loss was not shown to increase the risk of recurrence compared to those with intact neurology. There was also no statistically significant increased risk of recurrence in those with either polymicrobial infection (p=1.00) or no growth (p=0.23) from sterile site cultures at index procedure.
After further treatment 58 of the 61 cases (95.1%) were infection free at final follow. Taking into account the 12 deaths during follow up the mean follow up was 4.25 years (range 7 days -12.2 years). 
Secondary outcome measures
Excluding the seven cases who had osteomyelitis recurrence there were a further eight patients who had wound healing problems. In 3/8 the wound breakdown healed with conservative management, in 1/8 cases there was evidence of cellulitis of the wound that settled within the first 10 days after surgery. In the remaining 4/8 the wound dehiscence required further surgery. In two the wound was resutured and in another a flap was required. The last case requiring surgery for wound breakdown was subsequently shown to have a squamous cell carcinoma on histology. This was treated with a hemipelvectomy but unfortunately metastatic disease developed, with involvement of distant lymph nodes. This lady received palliative radiotherapy and subsequently died 2.9 years after index procedure.
One case in this series developed a residual collection at the operation site that was due to a seroma. This was treated conservatively and eventually resolved over several months with no evidence of recurrent infection.
Three additional patients experienced general complications of treatment -one patient developed post-operative bacteraemic sepsis, one developed pneumonia, and the other developed line-related infection associated with a PICC used to administer intravenous antibiotics at home. All made a full recovery.
Twelve cases subsequently developed pressure sores at different sites to their index operation. Of these 12 cases, eight underwent further surgery and four were treated non-operatively.
Discussion
Previous cohort studies of patients with pelvic osteomyelitis have been small, or focused on the outcome after one type of surgical procedure (27) (28) (29) . We report 61 consecutive patients treated for osteomyelitis of the pelvic bones and sacrum in a tertiary referral centre.
In our cohort, three patients (5.9%) had haematogenous osteomyelitis of the pelvis. One of these patients was affected as a complication of haemodialysis, similar to a previously-described case (19) . All patients with haematogenous osteomyelitis in this group had successful treatment; this may suggest that haematogenous pelvic osteomyelitis has a better prognosis than that associated with decubitus ulcers or other contiguous foci. What is surprising in this cohort is that aetiology of the osteomyelitis (e.g. haematogenous versus contiguous focus) did not seem to predict the type of microbiology that was encountered.
Pelvic osteomyelitis is commonly polymicrobial; in our cohort we applied a strict definition of positive diagnosis of osteomyelitis on microbiological culture, and it is likely that the definition of 'positive culture' used in the analysis underestimates the diversity of organisms causing infection in each patient. There were on average 3.1 different organisms cultured in each of the polymicrobial group. Furthermore 12 of the 61 cases (19.7%) had cultures that included multi-drug resistant organisms, such as MRSA, ESBL or AmpC producing Enterobacteriaceae. This underlines the importance of involving infection specialists early in these complex cases.
In our cohort, the majority of patients required limited bony resection; only one patient was treated with hemipelvectomy initially. Another patient went on to undergo hemipelvectomy following failed initial resection for squamous cell carcinoma. Both these cases died during follow up. Other studies have found significant post-operative morbidity and mortality following hemipelvectomy (5, 27) . Limited bony resection was successful even in the majority of patients with persistent decubitus ulcers, supporting its use as a first-line surgical strategy in patients with anatomically limited disease.
Pelvic osteomyelitis is a relatively rare disease and the relatively small cohort of patients in this study limited our ability to perform statistical analysis for the sub-groups. Consequently it has not been possible perform risk factor analysis for failure. We also accept that this group contains a heterogeneous group of aetiologies leading to pelvic osteomyelitis. Patients with pressure ulceration are not the same as those with osteomyelitis secondary to pelvic fracture, haematogenous spread or those who develop osteomyelitis related to a pelvic organ infection. Although there are unique issues related to the various locations of infection and aetiologies encountered, once osteomyelitis becomes established many of the management principles for treating bone infection are common to all cases. The large variation in aetiologies encountered in pelvic osteomyelitis and the associated comorbidities does underline the importance of extensive multi-disciplinary working.
While the outcomes in this complex group of patients is encouraging, our experience demonstrates the complex nature of the condition. Treatment requires careful planning of surgery and postoperative care before treatment begins. These patients consume an enormous amount of nursing care and rehabilitation from therapists in the months after surgery. Two patients in the cohort developed squamous cell carcinoma associated with chronic ulceration. This is a complication that must be recognised in patients who have long-standing ulcers (3) . It has been reported that the average time from ulceration to malignant change may be up to 30 years and that high-grade carcinomas will usually present with metastases (33) . It is possible that earlier diagnosis or treatment could have reduced the risk of metastasis and improved the life expectancy of these patients (34) .
We describe a cohort where resection of pelvic osteomyelitis in patients with significant comorbidity achieved infection resolution in a high proportion of patients, with less than 2% perioperative mortality. We advocate a multi-disciplinary approach to assessment, with meticulous pre-operative preparation, surgery and post-operative care.
